MONTHLY WEATHER REVIEW

VOLUME 97, NUMBER 8
AUGUST 1969

UDC 551.551.5:551.509.317(73)

ANALYZING AND FORECASTING CLEAR-AIR TURBULENCE PROBABILITIES
OVER THE UNITED STATES'

R. L. MANCUSO and R. M. ENDLICH

Stanford Research Institute, Menlo Park, Calif.

ABSTRACT

Pilot reports from special turbulence-reporting periods were used to investigate methods of analyzing and fore-
casting clear-air turbulence over the United States. Meteorological analyses for the special reporting periods were
made objectively by computer using only standard upper air rawinsonde measurements. The wind analyses were
built upward from the 400-mb level to the 200-mb level using thermal wind shears to compensate for missing wind
data in high-speed portions of the flow. The best meteorological indicators of turbulence were found 1o be the vertical
vector wind shear and the product of wind shear and horizontal deformation. To a somewhat lesser extent, large
gradients of relative humidity (at the 400-mb level) and large magnitudes of divergence also tended to be associated
with turbulent regions. Turbulence analyses based on both meteorological relationships and pilot reports were made.
These analyses are in terms of the probability of encountering significant turbulence (moderate or severe) within
a 100-n.mi. flight sector. Advection forecasts of the turbulence probabilities were made, and these showed reasonable

skill for periods out to 12 hr in advance.

1. INTRODUCTION

Clear-air turbulence is an atmospheric phenomenon
consisting of random three-dimensional eddies that cause
aircraft to experience appreciable high-frequency ac-
celerations. Turbulence that occurs in cloudless regions
or within thin clouds such as cirrus is included in the
clear-air category, while turbulence that occurs in
thunderstorms and other rain-producing clouds is not.
The presence or absence of turbulence in the atmosphere
is not measured directly by conventional radiosonde
instruments; therefore, indirect analysis methods are
required. Theoretical considerations indicate that certain
combinations of vertical wind shear and temperature
lapse rate provide a criterion for turbulence; that is
Richardson’s number. Also, it appears that atmospheric
conditions must be favorable for the growth of wave
motions (such as shear-gravity waves), which can even-
tually break into turbulent eddies (Kuettner, 1952;
Reiter and Burns, 1966). In general, turbulence tends
to occur in certain portions of upper fronts and the
tropopause particularly when associated with strong-jet
streams and sharp troughs or ridges. Also, mountain
ranges are well known as being favorable locations for
encountering turbulence, particularly where the lee sides
are steep. Close agreement is generally found between
turbulence and meteorological factors when measure-
ments are made of the atmospheric mesostructure using
research aircraft (Briggs and Roach, 1963; Endlich and

1This research was sponsored by the Federal Aviation Administration under Contract
FA66WA-1442,

McLean, 1965; and Panofsky et al., 1968). However,
practical turbulence analysis and forecasting must be
based on standard rawinsonde measurements. The upper
air data routinely available for the United States only
permit analyses representative of regions considerably
larger than the actual turbulent regionms. Rather small
differences in aircraft flight paths or altitudes may result
in different experiences; one aircraft may encounter
significant turbulence while another does not. Thus, a
probability analysis of turbulence appears to be preferable
to a categorical one. It is possible that pilot reports of
turbulence for specified 1egions and time intervals could
be collected in real time and combined with meteorological
data in arriving at the probability analysis. In flight
planning, a probability analysis will allow an individual
airline or pilot to evaluate different routes and detours
in terms of turbulence risk versus flight time.

2. TURBULENCE DATA

The basic turbulence data for this study were obtained
from pilot reports collected over the United States during
special turbulence-reporting periods. Such collections
were carried out during Mar. 12-24, 1962, and Feb. 4-9,
1963; these proved to be very wvaluable sources of in-
formation (Colson, 1963; Colson and Panofsky, 1965).
Therefore, additional turbulence-reporting periods were
held during Dec. 9-14, 1964, Mar. 10-15, 1965, June 9-14,
1965, and Sept. 8-13, 1965, as part of the International
Civil Aviation Organization (ICAO) worldwide high-
level turbulence data collection program. The pilot

5217



528

120%w, 1Q° 100° 90* BO® T0°W.

— s Y
~ [

—50°N.

ol
3
'
a-
i
o=
G-

rY
]

m,
on Q-
-
-
-
o- ©-
.
-

]
o

s
war

oz
{

o

400 —-

o OR s OM
| on o8 o= NN g-
o gp
.
o
o
o0 we
P
ou%o

A

—o o-
-

- am —— —-w N8 o-

o- oo os ow

on NP am Mo RO

1
o

/
-

o Lo

o6 —w o=

o< o-

op  no
oo —u wn mo

’
TS
on

® ot oa oa ou
@ SO guw om on O

e
-

©
]

30°N— = 30°N,

70°W.

FicurEe 1.—Pilot reports collected over the United States during a
12-hr period centered on 1200 e¢mT, Dec. 11, 1964, 350-300-mb
layer. The upper value at each point gives the total number of
flight segments through a region 2.5° latitude by 2.5° longitude,
while the lower value gives the number of flight segments with
reports of moderate or severe turbulence; asterisks indicate occur-
rence of severe turbulence.

reports have been treated by subdividing the flights into
segments that lie within 2.5° latitude by 2.5° longitude
regions. Thus, the segments are, on the average, ap-
proximately 100 n.mi. long. A typical regional breakdown
of the pilot reports for altitudes between 26,500 and
30,000 ft (350-300 mb) and during the 12-hr period of
0600-1800 amT on Dec. 11, 1964, is shown in figure 1. The
total number of flight segments compiled within a region
during the 12-hr period is given by the upper value at
a point, while the lower value gives the number of flight
segments with reports of moderate or severe turbulence.
The concentration of flying over certain areas of the
United States is immediately obvious. However, the
reporting of turbulence is reasonably consistent between
adjacent regions.

A summary of all the turbulence data that have been
used for making comparisons between turbulence and
meteorological grid-point analyses is given in table 1. The
table shows the total number of flight segments for each
of the periods and also the percent of the totals with
reports of turbulence. Turbulence was most frequently
encountered during the March 1962 and the December
1964 periods (11.8 percent and 8.5 percent), although the
former is based on relatively few flight segments. The
lowest percentage of turbulence (2.7 percent) was during
the September 1965 period. In general, the selected pe-
riods have provided a good sampling of different seasons
and various synoptic conditions. The upper air synoptic
patterns for the March 1962, February 1963, and Ducem-
ber 1964 periods may generally be characterized as having
well-developed wave troughs that moved eastward across
the United States (Colson, 1963, 1966). A typical wind
field for the December period is shown in figure 2. During
the March period of 1965, a very strong upper air jet
stream persisted over the United States, and wind speeds
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TaBLE L.—Turbulence data used in the study (a flight segment refers
to the portion of a flight that crosses a 2.5° latitude by 2.5° longitude
region)

Mar, Feb. Dec. Mar, June Sept.
12-24, 4-9, 9-14, 10-15, 9-14, 8-13,
Period 1962 1963 1964 1965 1965 19656
(350-300 | (400-250 | (400-200 | (400~200 | (400-200 | (400-200
mb) mb) mb) mb) mb) mb)
No. of flight segments 1,698 9, 565 16, 762 23,964 18, 919 19, 454
9% of segments with
moderate or severe
turbulence......__._ 1L8 5.0 8.5 6.0 4.5 2.7
120°W., IID IOO
I
\\\\»»vvvr'lﬂ”%/ﬂ/%/
N ARy T Sadatllied 7 / Mn\&—:ow.
- NS IJ"'”*“!/ gt N
P ‘l

-
30N

e SN

0 20 40 60 BO 100
120°W,

SCALE m sec”

Figure 2.—Wind-vector analysis for 1200 amT, Dec. 11, 1964,

350-300-mb layer.

reached 100 m sec™! (fig. 8). However, during this time a
blocking circulation dominated the eastern Pacific and
western North America; only a few, very weak disturb-
ances moved across the United States. Unfortunately,
accurate wind analyses for both March periods and the
December period were hampered by frequent missing wind
data. During the June period, a weak trough tended to lie
over the western United States, but there were some fairly
strong upper winds (40 m sec™!) for this season. During
the period Sept. 8-13, 1965, the upper winds were gen-
erally light over the entire country, except in the vicinity
of hurricane Betsy which entered the United States from
the Gulf of Mexico.

3. OBJECTIVE ANALYSIS OF RAWINSONDE DATA

In the objective analysis technique, a grid-point value
of a quantity such as temperature or a wind component
is obtained by averaging the values of the five nearest
observations. In the averaging process, the observed values
are weighted inversely according to their distances from
the grid point; that is, the nearer the observation the more
important it is in determining the grid-point value. Also,
the weighting factor is made larger for an observation up-
stream or downstream from the grid point, than for one
which is an equal distance away but cross stream (Endlich
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and Mancuso, 1968). This tends to aline the fields with the
flow direction. The above procedure has been found to
give quite satisfactory results over areas such as the
United States where rawinsonde data are relatively
dense and evenly distributed.

When the wind-data coverage at a given altitude is
complete, & wind analysis can be made independently of
temperature-height data and of wind data at other
altitudes. However, wind data above about 25,000 ft are
often missing in the stronger jet streams. Due to this
problem of missing wind observations, the basic analysis
procedure was modified to build up the wind analyses
from a lower level. This was done by first analyzing the
grid-point wind vectors (- and r-components) at 400 mb
where the wind data are normally complete. Grid-point
thermal wind-shear vectors representative of the next
higher 50-mb layer are then computed based on a grid-
point temperature analysis. A grid-point analysis is then
made of the observed wind-shear vectors in which the
thermal wind-shear vector at a grid point in question is
included as a sixth observation, but with a very low
weight. Thus, only in areas where the observed winds
are absent does the thermal wind have a significant
influence on the analysis. The 400-350-mb wind-shear
analysis is added to the 400-mb wind analysis to provide
a 350-mb wind field. In this manner, the wind analyses
are built upward to the 200-mb level. The final wind
analyses are in the form of average values for the pressure
layers of 400-350, 350-300, 300-250, and 250-200 mb;
the turbulence reports are subdivided similarly. An
example of a grid-point wind-vector analysis for the
250-300-mb layer at 1200 emT on Dec. 11, 1964, is shown
in figure 2.

The grid-point analyses of the various observed
quantities were used as the basis for computing a number
of additional terms. These terms included a variety of
horizontal and vertical derivatives of the wind, tempera-
ture, height, and humidity fields. Also, theoretical terms
such as the Richardson number and Scorer parameter
and various operationally suggested turbulence criteria
were computed from the basic analyses.

4. METEOROLOGICAL INDICATORS
OF CLEAR-AIR TURBULENCE

In the literature, clear-air turbulence has generally
been descriptively associated with upper frontal zones, the
tropopavuse, jet streams, and various locations within
troughs or ridges of the flow. However, objective turbu-
lence indicators are needed that can be computed from
upper air data. A large number of objectively computed
meteorological quantities were tested as possible turbu-
lence indicators. Table 2 summarizes the results for the
quantities that were found to be the most accurate in-
dicators of turbulence. The table shows the percentage
of turbulence that was correctly analyzed when the larger
magnitudes of a meteorological quantity were used to
provide a categorical ‘‘yes-or-no” analysis. The critical
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TaBLE 2.—Percentage of moderale or severe turbulence reports accu-
rately analyzed using the larger magnitudes of various meteorological
quaniziies as turbulence indicators (20 percent of all flight segments
are analyzed as being turbulent for each eniry). RH indicates
relative humidity.

Period
Basis of analysis

Mar. Feb. Dec. Mar. June Sept. | Com-

12-24, 4-9, 9-14, 10-15, 9-14, 8-13, bined

1962 1963 1964 1965 1965 1965 periods
Def. . AV/Az 44 52 31 34 24 34 35
AV/Az 37 39 27 40 25 34 34
Def. 1 36 47 28 22 22 25 30
vv . 23 25 27 26 23 26
VRH (400mb) .o 23 28 26 31 26

TDef. =[(An/Az—Av/AY)H(Av/Az+Au/ay) V>

magnitudes .of a quantity that, when exceeded, would
indicate turbulence were chosen so that exactly 20 percent
of the total flight segments would be analyzed as being
turbulent. Thus, if a turbulence indicator had ‘“no skill”
it would be expected by chance to analyze correctly 20
percent of all the turbulence. The table shows that the
best results were obtained for the February 1963 period,
when 52 percent of the turbulence was analyzed correctly
using large magnitudes of the product of vertical wind
shear and horizontal deformation as the criterion. (Defor-
mation, def., may be described as a kinematic property
of the flow that tends to transform an original circle of
fluid into an elongated elliptical shape. It is an important
factor in producing or destroying horizontal gradients of
temperature and vertical wind shear.) The product of
wind shear and deformation also provided the best results
for the March 1962 and December 1964 periods. The
results for those three periods were generally associated
with distinet wave troughs that moved rapidly across the
country. The superiority of results for February 1963
may be partially due to the fact that there were only a few
missing wind observations, thus permitting optimum wind
analyses. During the other three periods (March, June,
and September of 1965), deformation did not add signifi-
cantly when combined with wind shear. For the March 1965
period in particular, the best indicator of turbulence was
wind shear alone (see also Colson, 1966). In general, the
best indicators have been either wind shear or the product
of wind shear and deformation. For the combined periods,
they both analyzed correctly about 35 percent of all the
moderate or severe reports; this is 15 percent more than
would be expected by chance.

In each of the periods, turbulence tended to be more
frequently associated with either large positive or large
negative values of divergence; thus, the absolute value of
divergence was used in preparing table 2. Another quantity
that was found to be related to turbulence was the gradient
of relative humidity at 400 mb. This level was used since
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it was the highest at which observations of humidity were
consistently available. Possibly, better results might be
obtained if humidity data at the actual levels were avail-
able for making the comparisons. The relationship of
vorticity to turbulence is not shown in the table and was
somewhat ambiguous. For the March 1962, February
1963, December 1964, and June 1965 periods, turbulence
was more frequently associated with large positive values
of relative vorticity. Also, the turbulence frequencies
agsociated with wind shear or deformation were generally
found to be slightly greater when restricted to cases
of positive vorticity. However, for the March 1965
and September 1965 periods, turbulence was more
frequently associated with negative vorticity.

A number of other quantities were also computed and
compared with the turbulence data of these periods.
Among these were wind speed, lapse rate, vertical motion
(kinematical), Showalter’s index, tropopause height, and
various terms based on geostrophic and thermal winds.
However, these and other quantities tested were found
to provide inferior relationships with turbulence to those
shown in table 2. Also, Richardson’s number, which
relates turbulence to large vertical wind shears and to
unstable temperature-lapse rates, was extensively tested.
As shown in table 2, vertical vector wind shear relates
relatively well to turbulence. However, lapse rate has not
been found to add significantly when combined with wind
shear. Mountain effects were also investigated by separat-
ing the data into mountainous and nonmountainous
categories. During the March 1962, February 1963, and
December 1964 periods, the turbulence frequencies associ-
ated with various values of meteorological gquantities
(wind shear and wind shear times deformation) tended
to be approximately one-third greater for the mountain
categories. However, during the other three periods, this
separation did not show any significant mountain influence,
possibly due to a low incidence of mountain waves.

5. TURBULENCE PROBABILITIES

The meteorological factors discussed in the previous
section can be used to provide estimates of the turbulence
probability for a given region. These estimates can then
be modified according to pilot reports available at the
time of analysis. If only a few flights are made through a
region, the reports are not statistically reliable, and a
small weight should be given to a probability value based
on the pilot reports relative to the weight given to the
meteorological probability. However, on the main flicht
routes, as many as 100 flights may traverse certain regions
within a 12-hr period. For these regions with high flight
densities, the analyzed turbulence probability should
depend almost entirely on the pilot reports. Therefore, a
turbulence probability (TP) can be determined as a
weighted average of the meteorological probability (MP)
and the pilots’ reported probability of turbulence (RP),
that is

TP=(WXMP+NXRP)/(W+N),
where N denotes the number of flight traverses through a
region and W is an arbitrary weighting constant. When N

MONTHLY WEATHER REVIEW

VYol. 97, No. 8

is greater than W, the reported probability predominates
over the meteorological probability, while the reverse is
true when W is greater than N. A value of 5 was chosen
for W, since it was found to be the minimum value which
still provided reasonable spatial consistency in the final
probability distributions. The turbulence probability (TP)
gives the risk of encountering significant turbulence
(moderate or severe) within a 100-n.mi. flight sector. In
this study, the meteorological probability (MP) was com-
puted based on either wind shear or wind shear times
deformation using relationships given in the study by
Mancuso and Endlich (1966).

At present, formulas for turbulence probability such as
that given above can only be tested using the special
periods for which pilot reports have been collected;
otherwise, one is limited to using only the meteorological
probabilities. In the future, it may be possible to develop
an automatic system for the continuous relaying of
turbulence information from flights to a forecasting center.
Also, various simplifications might be made to make
systematic pilot reporting more feasible. For example, it
might be possible to keep track of the number of flights
through the various regions over the United States. Then
only those pilots who have experienced moderate or severe
turbulence would need to report in order to provide the
information necessary for computing probabilities.

6. EXAMPLES OF METEOROLOGICAL AND
TURBULENCE-PROBABILITY ANALYSES

In this section, charts of the various meteorological
quantities and the computed turbulence probabilities are
shown for a typical synoptic case (1200 emT, Dec. 11,
1964, 350-300 mb). The reported turbulence and wind
analysis for this time were previously shown in figures 1
and 2. These figures showed that a rather sharp, upper air
trough existed over the center of the United States and
that there were numerous reports of both moderate and
severe turbulence, particularly over the Mississippi Valley
and in association with the westerly flow over the Rockies.
The vertical wind-shear analysis is shown in figure 3. The
wind-shear magnitudes are particularly large over the
Rockies, but only slightly larger than surrounding values
over the Mississippi Valley. The turbulence over the latter
area corresponds better with deformation, which is shown
in figure 4. (The product of deformation and wind shear
shows the best overall agreement with turbulence in this
case.) Also, the divergence and the gradient of relative
humidity (at 400 mb) are shown in figures 5 and 6. These
fields also tended to show larger magnitudes in the tur-
bulent zones. A turbulence-probability analysis, which
was made by combining probabilities based on a meteoro-
logical analysis (wind shear times deformation) and pilot
reports, is shown in figure 7. The turbulence probabilities
vary between 0 and 55 percent.

7. TURBULENCE FORECASTING

Various approaches are possible for forecasting clear-air
turbulence. For example, Kronebach (1964) made com-
puter analyses of turbulence based on the Richardson
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FigURE 3.—Vertical wind-shear analysis for 1200 amt, Dec. 11, Ficure 5.—Divergence computed from wind analysis of figure 2
1964, 350-300-mb layer (units 10~ sec™1). (units 10-5% sec™1).
|é0°w. noe |(|)0° SIC' 8c° 7K|)'W 120°W. 110° 100° 9|0' BO* TOW.
1133 2 1 2 20 2 222 %5 52 2 3 258 67 96 ©0 0000 I I 2 1 1 1 2 %z 3 333 2 22 2223
R s 3\tj e B2l 2. 3.8- A3 B~ 4 61010 6 2 1 o R, o\t"g E 4 42 3 0 o
o2 | (0 12 3 3 3 3 3 3 2 4 7 ;é/GZA,Z 4=8 9 6 2 “4"| 1 1 1 ?’ ] 1 | 2 3 3 2 3 2 4 4 3 g:é%%ﬂ\ 4 2 1 ’/"l
11 0 2 234 5433 556785 éf\:\{/ﬁ? 2 0 1 33 2 (3 334534222221 21953 7
o 0 | ;2 3 4 5 4 4 5 3 4 5 8 7 8 8 2 47473 2 |C| 3 3 3 3 3 3 4 5 3 2 2 2 3 2 3 &4 5 B(Ji %72 3 3 £|
47— 3 3 2 2 1 2 4 5 5 5 4 5 6 8 9 7 5 | 3 3 3 2 (\1}‘52 2 e w— € 3 3 {2 4 3 2 4 6 8 6 5 2 | 5 5 4 3 2 1 2 3 &{3 4 e
3 0 2 2 4 3 6 9 %9 6 2 3 3 3 3 2 2 3 3 21 4 5 8 4 } I 2 5 6 4 4 2 1 3 3 2 2 2 3
3 1 1 1 3 2 712 8 2 2 3 3 2 |/ (3 5 2 2 [ 3 2 0 I I 0 3 7 B 3 4 3 5 4 2 1 3
4 2z | © _% 2 91t 4 0 3 3 4 2} 2 2 3 & 2 2 1 V~\3\‘.2~__|,_,|\ I I 4 7 7 5 5 3 4 3 | 2 2 2 2
N, . e \“4"5‘ 7ff’4’«§4—’4\/2 (r Ll 3 4 B 30— Fo o2 \z 2 0 o\‘\ofo\ Zfswsm g P2 20 30N
20°w, hid r«Lo- 9|o° alo- 7|o=w 120mW, .J)o- glo J,o.

Fiaure 4.—Resultant deformation computed from wind analysis of
figure 2 (units 10—% sec™1).

number and assumed that regions analyzed as turbulent
(on a categorical basis) would persist for 12 hr. Another
possible method would be to first obtain a grid-point fore
cast of winds and then compute the quantities related to
turbulence. This more complex approach appears possible
in the future, but it omits the use of pilot reports. In this
study, turbulence forecasts were obtained by simply
transporting the turbulence probabilities with the winds
In association with a barotropic type wind-forecasting
scheme (Endlich and Mancuso, 1967). The turbulence
advection was based on upstream difference equations
(Forsythe and Wasow, 1960), which use only the center
grid point in combination with the adjacent upstream grid
points to perform the advection. The smoothing effects
associated with upstream differencing (Molenkamp, 1968)
were not found to be serious during a 12-hr forecast. Also,
the standard upstream formulations were modified to in-
clude the upstream diagonal points. For example, in the
case of a north-northwest wind, the differencing was made
between the center grid point and the grid points both to
the north and the northwest (the diagonal point). This
modification was found to give more reasonable advections
at locations where the flow was largely in a diagonal
direction. The advections were computed using a 1-hr time

70°W,

Fi1curE 6.—Analysis of the relative-humidity gradient at 400 mb for
1200 eMT, Dec. 11, 1964 (units 10-5 % m-1).

120w, 10° |(l>o- 9|o' 80° 70°W,
4 2 + 3 4 2 4 5 3 3 4 6 6 S&D 17 7 6 9 13 3044 32 11 1 7
50N~ = B0O°N.
1 %b L_Qo2.5..6_9.02 15 -2-6_5-21 20 LA 7 I5 232920 10 2 |
3 2z 2 2 2 3 5 5 610 8 & 3 .12 30‘3\_.’3/[4,-.43 6 12 14 IB/S
= L
5 5 5 /2 4 4 6142015 12 5 5 11 13 3t 32 |ffé&&:4 13 1/5
3 3 2 J2 5 9 38 47 5539 (9 18 3 I4 32 38 4] 2 .3 2 2/?/” 4
o— —ag*
40 B 10 2 14 7 13 4527 22 152414 2028 22 17 | 2 3 5 2 4 2 5
20 2 12 4 510 252024 30 39 33 3438 7 222 1 0 O N 3 7 il
7 & 2 6 4 2 618 21 34 §2 4 3235 1810 14 3 2 1 0 212 15

3N4(I0N_ 2-.0 4263019 115 2 | O c 13 27

4 3 4 512 6 5\ 296 4 3“7"2: 13 27146 4 12 47 3
‘\
| NooLO L 1 !

120°W.

30°N— —~—30°N.

Ficure 7.—Analysis of the probability (%,) of encountering moder-
ate or severe clear-air turbulence within a 100-n.mi. flight sector
for 1200 aMT, Dec. 11, 1964, 350-300-mb layer (determined from
meteorological data and pilot reports).

step and simultaneously forecast wind fields. However,
the turbulence probabilities were transported only at a
fraction of the upper tropospheric wind speeds. The factro
used (0.5) was determined experimentally so that the tur-
bulence probabilities would approximately maintain their



532

TaBrLE 3.—Accuracy of turbulence-probability forecasts (300-250-mb

layer)
Period Dec. 9-14, | Mar. 10-15, | June 9-14, | Average
1964 1965 1965
Correlation coefficient between forecast
and analyzed changes in turbulence
probabilities_ _ . __._________. 0.63 0.65 0. 53 0. 60
Average difference between forecast
and analyzed turbulence proba-
bilities oo 6.5 % 6.0 % 4.8% 5.8 %
120%W. Ho® 100* 90° 80 TOW.
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FicureE 8.—Wind-vector analysis for 1200 emr, Mar. 10, 1965,
300-250-mb layer.

same relative positions with respect to the synoptic
features.

The above forecasting technique was found to provide
reasonably accurate 12-hr displacements of the turbulence
probabilities. The 12-hr turbulence forecasts were carried
out using the December 1964, March 1965, and June 1965
periods as test cases. A summary of the statistics con-
cerning the accuracy of the turbulence forecasting for the
300-250-mb layer is given in table 3. The average cor-
relation between the forecast and actually analyzed 12-hr
changes in turbulence probability was 0.6. The average
difference between the forecast and analyzed turbulence
percentages was about 6 percent (turbulence probabilities
generally ranged between 0 and 50 percent). An example
of an individual forecast is shown by figures 8 through 11.
Figures 8 and 9 show the wind field and turbulence proba-
bilities for 1200 eMT on Mar. 10, 1965 (300-250 mb).
These fields were used to obtain forecast probabilities for
0000 emT on Mar. 11, 1965 (fig. 10), which compare
reasonably well with the analyzed probabilities for the
same time (fig. 11). This forecast case was typical and had
a correlation of 0.64 between the forecast and analyzed
changes in turbulence probabilities.

8. SUMMARY

During this study an objective method of analyzing
standard rawinsonde observations was developed to
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Figure 9.—Turbulence-probability (%) analysis for 1200 ewMT,
Mar. 10, 1965, 300-250-mb layer (determined from meteorological
data and pilot reports).
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Figure 10.—Turbulence-probability (%) forecast for 0000
Mar. 11, 1965, 300-250-mb layer (compare with fig. 11).

GMT,

obtain grid-point wind and wind-shear components. The
method builds the wind analysis upward from 400 to
200 mb using both observed and thermal wind shears.
The latter are given a significant weight only in areas
of missing wind data. The inclusion of thermal winds
proved to be important, but better relationships with
turbulence were obtained when the meteorological analyses
could actually be based on observed wind data. The best
meteorological indicators of turbulence were found to be
either wind shear (vertical) or wind shear times deforma-
tion. However, relative humidity gradients and divergence
also showed consistent relationships with turbulence. The
combined use of both meteorological data and pilot
reports was found to be desirable for making turbulence-
probability analyses. Forecasts of turbulence probabilities
were made up to 12 hr in advance by advecting the
probabilities with the wind field. Such forecasts were
superior to persistence and gave reasonable 12-hr dis-
placements of the turbulence probabilities. The results of
the study indicate that probability analyses and forecasts
can be made in order to identify low- and high-risk
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Figure 11.—Turbulence-probability (9,) analysis for 0000 eMT,
Mar. 11, 1965, 300-250-mb layer (determined from meteorological
data and pilot reports).

regions of clear-air turbulence. However, accurate cate-
gorical forecasts that turbulence will or will not be
encountered do mnot seem possible with our present
observational network. A significant improvement in the
analysis and forecasting of turbulence might be possible
if more plentiful and accurate upper wind observations
were available. Possible future sources of such wind data
are wind measurements made routinely by commercial
aircraft and wind measurements obtained using satellite
systems for tracking constant-level balloons.
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